Feather pecking and cannibalism in farm-kept laying hens are damaging behaviors both in terms of animal welfare and economic loss, and a major challenge in modern poultry farming. Both rearing with a foster hen and genetic selection have been demonstrated to reduce feather pecking in laying hens. We examined the effects of rearing with a foster hen, genetic selection for low mortality from cannibalism, and interactions between both, using cellular morphology and levels of the rate-limiting enzyme in dopamine production, tyrosine hydroxylase, in the hippocampus and nidopallium caudolaterale (NCL) as a potential measure for laying hen welfare. Hens from the second generation of a sib-selection scheme line derived from a pure-bred White Leghorn line, selected for low mortality and for production characteristics, or their control line (CL) selected only for production characteristics, were housed with or without a foster Silky hen for the fi rst 7 wk of life. Aside from the presence or absence of a foster Silky hen during the fi rst 7 wk of life, housing conditions were identical for all hens. The hens were then sacrifi ced and brains were removed at 52 wk of age. Brains were sectioned and stained using a Nissl staining to reveal cell soma morphology, or using immunocytochemistry for tyrosine hydroxlase. A greater degree of lateralization in the hippocampus was observed in hens reared without a foster hen, as measured by absolute difference in cell soma size between hemispheres (P < 0.05). The low mortality line showed decreased concentrations of tyrosine hydroxylase in the NCL compared with the CL (P < 0.005). Our results indicate that morphological changes in brain induced in very early life can be detected in adult hens, and that genetic selection against mortality due to cannibalism impacts tyrosine hydroxylase in the NCL of laying hens. These observations strengthen the notion that brain measures may be useful as potential readouts for animal welfare.
Effects of maternal care and selection for low mortality on tyrosine hydroxylase concentrations and cell soma size in hippocampus and nidopallium caudolaterale in adult laying hen 1 R. E. Nordquist,* † 2 E. C. Zeinstra,* T. B. Rodenburg, ‡ § and F. J. van der Staay* † *Emotion and Cognition Group, Department of Farm Animal Health, Utrecht University, the Netherlands; †Rudolf Magnus Institute for Neurosciences, University Medical Center Utrecht, Utrecht, the Netherlands; ‡Animal Breeding and Genomics Centre; and §Behavioural Ecology Group, Wageningen University, the Netherlands ABSTRACT: Feather pecking and cannibalism in farm-kept laying hens are damaging behaviors both in terms of animal welfare and economic loss, and a major challenge in modern poultry farming. Both rearing with a foster hen and genetic selection have been demonstrated to reduce feather pecking in laying hens. We examined the effects of rearing with a foster hen, genetic selection for low mortality from cannibalism, and interactions between both, using cellular morphology and levels of the rate-limiting enzyme in dopamine production, tyrosine hydroxylase, in the hippocampus and nidopallium caudolaterale (NCL) as a potential measure for laying hen welfare. Hens from the second generation of a sib-selection scheme line derived from a pure-bred White Leghorn line, selected for low mortality and for production characteristics, or their control line (CL) selected only for production characteristics, were housed with or without a foster Silky hen for the fi rst 7 wk of life. Aside from the presence or absence of a foster Silky hen during the fi rst 7 wk of life, housing conditions were identical for all hens. The hens were then sacrifi ced and brains were removed at 52 wk of age. Brains were sectioned and stained using a Nissl staining to reveal cell soma morphology, or using immunocytochemistry for tyrosine hydroxlase. A greater degree of lateralization in the hippocampus was observed in hens reared without a foster hen, as measured by absolute difference in cell soma size between hemispheres (P < 0.05). The low mortality line showed decreased concentrations of tyrosine hydroxylase in the NCL compared with the CL (P < 0.005). Our results indicate that morphological changes in brain induced in very early life can be detected in adult hens, and that genetic selection against mortality due to cannibalism impacts tyrosine hydroxylase in the NCL of laying hens. These observations strengthen the notion that brain measures may be useful as potential readouts for animal welfare.
INTRODUCTION
Feather pecking can lead to pain or damage to the recipient hen, and be a prelude to cannibalism (Savory, 1995) . Consumer demand and changes in legislation (Sossidou and Elson, 2009 ) have caused a shift from caged to fl oor or free-range housing, which is paired with increased risk of damage from feather pecking (Savory, 2004; Lambton et al., 2010) .
Welfare concerns with beak trimming (Kuenzel, 2007) led to exploration of nonsurgical approaches such as genetic selection and offering (aspects of) maternal care to ameliorate feather pecking (Hester, 2005; Beaumont et al., 2010; D'Eath et al., 2010; . A low mortality line (LML) of laying hens selected for production characteristics and for low mortality, and a control line (CL) selected only for production characteristics, was developed (Ellen et al., 2007) . The LML show reduced feather pecking and cannibalism (Rodenburg et al., 2009a) , and differ from the CL in physiological and behavioral measures (Bol-huis et al., 2009; Rodenburg et al., 2009a Rodenburg et al., , 2009b Nordquist et al., 2011) . Presence of a mother hen decreases fearfulness (Rodenburg et al., 2009a; Shimmura et al., 2010) , attenuates stress-induced whole blood serotonin concentration (Rodenburg et al., 2009b) , and decreases gentle feather pecking (Shimmura et al., 2010) and feather pecking-induced mortality in laying hens (Riber et al., 2007) .
Maternal care and genetic selection may have effects on the brain, specifi cally the hippocampus, related to spatial orientation (Atoji and Wild, 2006; Roth et al., 2010) , and the nidopallium caudolaterale (NCL), involved in executive functions and planning (Güntürkün, 2005) , functions essential to thriving on farms (Broom and Zanella, 2004) . Thus, histological analysis was performed to determine cell size, expression of the ratelimiting enzyme in dopamine production, tyrosine hydroxylase, and lateralization of both measures, in the hippocampus and the NCL in adult laying hens.
MATERIALS AND METHODS
The study was reviewed and approved by the local ethics committee of Wageningen University and Research Center, The Netherlands, and was conducted in accordance with the recommendations of the EU directive 86/609/EEC. All effort was taken to minimize the number of animals used and their suffering.
Animals
A total of 28 hens was used in the present histological analysis, at 52 wk of age, from the second generation of a selected line and CL originating from the same purebred White Leghorn layer line (ISA B.V., the layer breeding division of Hendrix Genetics, Boxmeer, the Netherlands). Genetic selection was performed according to a sib selection scheme for low mortality, a trait which is believed to be connected with feather pecking and cannibalism. This selection line has been previously described in detail (Ellen et al., 2007; Bolhuis et al., 2009) . Previous studies have shown that the LML has a somewhat lighter BW until wk 20, but at wk 35 and for the rest of the laying period, the LML is slightly heavier (Rodenburg and van Oers, 2010) .
There were 4 experimental groups: animals from the CL reared without a foster mother hen (Con No Hen), animals from the CL reared with foster mother hen (Con Hen), animals from the LML reared without foster mother hen (Low No Hen), and animals from the LML reared with a foster mother hen (Low Hen). All eggs were brooded in a commercial brooder without light exposure during brooding. Housing was as previously described (Rodenburg et al., 2009b) . Briefl y, foster hens were Silky hens, known for greater broodiness and relative ease of acceptance of new chicks. Silky hens were chosen above a commercial layer breed, as the commercial layer breeds show very low levels of broodiness (indeed, broodiness is considered a nuisance; Sharp, 2009 ). In total, there were 12 pens per line, 6 pens reared with a foster hen, and 6 pens without a mother for 7 wk. Each group had 10 female chickens, housed in a 1.9-by 1.2-m pen under controlled lighting (16 h light, 8 h dark) and temperature (from 22°C to 18°C for a 5-wk period of time) with ad libitum access to food and water.
After a testing period (52 wk, described in detail in Rodenburg et al., 2009a) , 7 hens from each group were taken from 3 to 4 pens per group (thus 2 to 3 hens per pen per group) and humanely sacrifi ced by cervical dislocation. The brains were dissected, immersion fi xed in 4% paraformaldehyde with 30% sucrose, and subsequently embedded in gelatin and stored in a sucrose solution at 4°C. A small hole was punched through 1 of the hemispheres outside of the areas of interest to later distinguish the left from the right hemisphere. Sections (40-μm thick) were cut in PBS in frontal plane on a vibratome (Leica VT1200S; Leica Microsystems, Rijswijk, the Netherlands), collected in 10 parallel series and stored at 4°C in tubes with 0.12 M PBS and 0.1% sodium azide.
Nissl: Cresyl Violet Staining
Nissl staining was conducted in 7 batches, with sections from a hen from each experimental group included in each batch. The free-fl oating sections were rinsed carefully for 10 min in PBS. Sections were mounted to slides (SuperFrostplus, Menzel GmbH, Braunschweig, Germany), 1 section per slide, and allowed to dry overnight at 37°C. All of these steps were performed on a shaker. Sections were placed in 70% ethanol for 5 min. After this, sections were stained for 15 min in fi ltered 1% cresyl violet + 0.5% acetic acid at a pH of 4.0, rinsed in distilled water, and differentiated in 96% alcohol. After dehydration in a graded alcohol series (70, 96, 100, and 100%) followed by xylene (100%), sections were mounted with DePeX (Serva Electrophoresis, Heidelberg, Germany) and coverslipped.
Immunohistochemistry: Anti-Tyrosine Hydroxylase
Immunohistochemical detection of tyrosine hydroxylase was performed on free-fl oating sections in 2 batches, with groups balanced across the batches. All incubations and washes were at room temperature unless otherwise noted. After washing in 0.12 M PBS, slices were washed twice for 5 min with 0.05 M trisbuffered saline (TBS) then incubated in methanol with Table 1 as HP cell size │L -R│(indicating the absolute value of the difference in mean cell soma size between the 2 hemispheres). The x-axis shows experimental groups: Control line reared without (Con No Hen) or reared with a foster hen (Con Hen), LML reared without (Low No Hen), or reared with a foster hen (Low Hen). Shading indicates groups (n = 7 per group). Letters above bars indicate statistically signifi cant differences (P < 0.05). B) Representative Nissl staining of the hippocampus from each of the 4 experimental groups, showing areas analyzed in black outline and details of the areas measured in the smaller images to the right. Scale bar indicates 500 μm in overview images and 125 μm in detail images. C) Schematic views of the chicken brain, showing saggital (left) and coronal (right) sections. Grey bar in saggital section represents approximate area of sectioning. Coronal section is taken from A6.4 (Stereotaxic atlas, Kuenzel and Masson, 1988) . See online version for fi gure in color. 0.3% H 2 O 2 for 10 min . After washing in TBS, blocking was performed with 5% normal goat serum (NGS) in TBS + 0.05% Tween-20 (TBS-T) for 1 h. Incubation with rabbit polyclonal tyrosine hydroxylase antibody (anti-tyrosine hydroxylase, polyclonal rabbit IgG, Millipore, Amsterdam, the Netherlands; 1:2,000 in TBS-T + 1% NGS) took place overnight at 4°C. Negative control sections were included which were incubated without anti-TH, but with 20 mg/mL of rabbit immunoglobulin fraction (normal; DAKO, Glostrup, Denmark). After 3 washing steps in TBS-T, slides were incubated in biotinylated goat anti-rabbit IgG (Vector Laboratories, 1/200 in TBS-T + 1% NGS) for 1 h at 37°C, washed in TBS, and incubated in an avidin-biotin-peroxidase solution (Vectastain ABC-Elite kit, Brunschwig Chemie BV, Amsterdam, the Netherlands; 1/100 in TBS) for 45 min. Staining was visualized using 3´3-diaminobenzidine (DAB, Sigma-Aldrich Chemie B.V., Zwijndrecht, the Netherlands) with 0.02% H 2 O 2 peroxidase activity. The sections were mounted 1 section per slide on SuperFrostPlus slides, dried overnight at 37°C, dehydrated in a graded alcohol series (70, 90, and 100%) followed by xylene (100%), and coverslips were mounted using DePex (Serva Electrophoresis, Heidelberg, Germany).
Quantifi cation and Analysis
For both cellular morphology using the Nissl staining and quantifi cation of tyrosine hydroxylase immunoreactivity, the areas of interest dorso-medial hippocampus (dmHp), medial hippocampus (mHP), and NCL were quantifi ed. Sections containing these areas ranged from A6.4 to A5.8 according to the stereotaxic atlas of the chicken brain by Kuenzel and Masson (1988) . For a schematic representation of the areas measured, see Fig.  1C and 2C.
Nissl Staining Quantifi cation. The size of cell soma in the dmHp, mHP, and NCL of the different groups was measured as in Patzke et al. (2009) . Briefl y, images were acquired using an Olympus BX51 microscope and the Multiple Image Alignment (MIA) function of the Cell^D software (Olympus, Hamburg, Germany). A single MIA consisted of 25 to 40 tiled pictures acquired using a 10× magnifi cation lens that provided a detailed picture of the area of interest (Fig. 1B) . Using the "Magic Wand" function in Cell^D, which selects areas based on contrast between adjacent pixels, the area of 50 cells per hemisphere per slide was quantifi ed. Cells were chosen and quantifi ed by an observer blind to the experimental groups. Two slides per animal were quantifi ed, giving a total of 200 cells per chicken per area.
These measures were computed: mean cell soma size per brain area, averaged per hen; mean cell soma size for each hemisphere per brain area, averaged per hen; difference in mean cell soma size between the 2 hemispheres (left minus right hemisphere) in each area per section, averaged per hen; and the absolute value of the difference in mean cell soma size between the 2 hemispheres in each area per section, averaged per hen.
Tyrosine Hydroxylase Quantifi cation. Intensity of tyrosine hydroxylase staining was determined by acquiring MIA images of the areas of interest (dmHp, mHP, and NCL) as described above. A total of 5 sections per animal per area of interest were quantifi ed. Areas of interest were delineated based on atlas representations (Kuenzel and Masson, 1988) . Color intensity was measured for each area and each section, for both hemispheres, giving a total of maximally 10 values per animal for each area of interest. Some measurements were lost due to section damage; for these hens, the number of sections averaged was <5 per hemisphere (minimum of 3 sections per hen per area of interest).
For each section, a measure was taken of background intensity from an area adjacent to the section. This background intensity was used to correct for variability in the staining per section. As intensity level is an inverted scale relative to staining level (high numbers mean low levels of staining), we subtracted the intensity level in the area of interest from background intensity level. This leaves the difference between background intensity and staining intensity, a measure which is positively related to staining level (thus high numbers in the corrected measure mean high levels of staining).
After quantifi cation, these means were computed: mean corrected intensity per hen per brain area; mean corrected intensity of left hemisphere per brain area per hen; mean corrected intensity of right hemisphere per brain area per hen; mean corrected intensity of left minus mean corrected intensity right per area per hen; and the absolute value of mean corrected intensity of left minus mean corrected intensity right per area per hen.
Statistical Analyses
The assumption of normality was assessed using the Sharpiro-Wilk test (PROC UNIVARIATE, SAS Inst. Inc., Cary, NC). The untransformed absolute difference scores between the left and right hippocampus did not fulfi ll the criterion for 2 treatment groups. After log 10 transformation of the variable, normality was confi rmed in all groups. For each measurement, the effects of selection line, presence or absence of a broody hen, and interactions between these 2 factors were calculated using a General Linear Model (SAS GLM Procedure) using the factors Selection line (LML vs. CL) and Hen (presence or absence).
RESULTS

Quantifi cation of Nissl Staining
Results of the quantifi cation of the size of cell soma and statistical analysis are summarized in Table 1 . When examining lateralization, a signifi cant effect (P = 0.04) was found of rearing with or without a brooding hen on the absolute value of the difference between the size of cells in the left and right hemisphere of the hippocampus overall (Fig. 1) . There was a difference in lateralization such that animals reared without hens showed greater lateralization than those reared with hens. No further effects were seen on the absolute value of the difference between cell size in the 2 hemispheres in the NCL (hen rearing: P = 0.83; selection line: P = 0.11; hen rearing × selection line: P = 0.99) or in the hippocampal areas when measured separately (dmHp: hen rearing: P = 0.43; selection line: P = 0.11; hen rearing × selection line: P = 0.17; mHP: hen rearing: P = 0.11; selection line: P = 0.41; hen rearing × selection line: P = 0.32), nor were differences observed in any of the areas measured when the size of cells in the left minus size of cells in the right hemisphere was tested (dmHp: hen rearing: P = 0.47; selection line: P = 0.33; hen rearing × selection line: P = 0.58; mHP: hen rearing: P = 0.99; selection line: P = 0.99; hen rearing × selection line: P = 0.67; NCL: hen rearing: P = 0.65; selection line: P = 0.47; hen rearing × selection line: P = 0.94). Thus, though there was a difference in the animals in left vs. right hemisphere cell size, neither left nor right has consistently larger cells across animals.
When comparing cell soma size itself, no effect of genetic background (dmHp: P = 0.28; mHP: P = 0.77; NCL: P = 0.52), rearing with or without brooding hen (dmHp: P = 0.64; mHP: P = 0.83; NCL: P = 0.87), or interactions between the 2 factors (dmHp: P = 0.73; mHP: P = 0.71; NCL: P = 0.90) were found in any of the brain areas measured (Table 1) . 
Quantifi cation of Tyrosine Hydroxylase Staining
Results of the quantifi cation of tyrosine hydroxylase staining and statistical analysis are summarized in Table 2. Negative control sections incubated in rabbit immunoglobulin fraction showed no signs of immunopositive staining and very low background. Decreased corrected intensities of tyrosine hydroxylase staining were found in the LML compared with controls in the NCL (P = 0.002; Fig. 2 ), indicating decreased concentrations of tyrosine hydroxylase in the LML. No effect of selection line was found in any of the hippocampal areas studied (dmHp: P = 0.36; mHP: P = 0.22), and no effects of rearing with or without a mother hen were found in any of the areas quantifi ed (dmHp: P = 0.15; mHP: P = 0.44: NCL: P = 0.57). Furthermore, no interactions between genetic background and rearing with or without a mother hen in any of the areas studied were found (dmHp: P = 0.84; mHP: P = 0.49: NCL: P = 0.75).
For lateralization as measured by left minus right intensity, no effects were found of selection line (dmHp: P = 0.58; mHP: P = 0.68: NCL: P = 0.30), hen (dmHp: P = 0.94; mHP: P = 0.46: NCL: P = 0.60), or their interaction (dmHp: P = 0.29; mHP: P = 0.88: NCL: P = 0.95). Similarly, no effects of selection line (dmHp: P = 0.32; mHP: P = 0.19: NCL: P = 0.30), hen (dmHp: P = 0.38; mHP: P = 0.48: NCL: P = 0.37), or interactions (dmHp: P = 0.16; mHP: P = 0.99: NCL: P = 0.14) were found in absolute value of the difference in left and right intensity.
DISCUSSION
We examined the NCL and the hippocampus of adult laying hens that were exposed to brooding for the fi rst 7 wk of life, genetically selected for low mortality due to feather pecking, and interactions between the 2 factors. Exposure to brooding in early life caused persistent changes in lateralization of cellular morphology in the hippocampus, whereas birds from the selection line for low mortality due to feather pecking showed decreased concentrations of tyrosine hydroxylase in the NCL than the CL. 
Brooded Hens Show Diminished Lateralization of Hippocampal Cell Body Size in Adulthood.
Rearing with a foster hen produced long-lasting alterations in the hippocampus, which were visible in the animals when tested as adults, approximately 11 mo after the last contact with a foster hen. A number of studies have shown that outcomes in later life differ between hens raised with and without a broody hen, both in terms of behavior (Rodenburg et al., 2009a; Shimmura et al., 2010) and physiological responses to stress (Rodenburg et al., 2009b) . The hippocampus is sensitive to early life events, including maternal separation (Seidel et al., 2008) ; in humans, retrospective studies have related high maternal care to small hippocampal volumes in adults (Rao et al., 2010) .
We found that the lateralization of hippocampal cell size was slightly but signifi cantly decreased in chicks that had been raised with a brooding hen compared with those raised without. Interestingly, though, it was the difference between left and right which was signifi cant, but not in favor of 1 specifi c hemisphere (i.e., the cells on the left were not consistently larger than cells on the right or vice versa). The traditional measurement for lateralization involves specifi city for hemisphere, and indeed, separate functions have been ascribed to the left and right hemispheres in avians (Güntürkün, 1997; Rogers, 2008 Rogers, , 2012 . Furthermore, light exposure during late incubation, which is known to promote lateralization in the traditional sense in chicks, affects lateralization of the visual pathways and of visually guided behaviors (Rogers, 2008 (Rogers, , 2012 , and has been proposed to be linked to feather pecking (Riedstra and Groothuis, 2004) . Patzke et al. (2009) showed no effects of housing conditions in adult hens on lateralization of cell size, though there were effects on lateralization of tyrosine hydroxylase innervation in that study. When we used the same measure as in Patzke et al. (2009;  cell size left minus cell size right), we also observed no differences in lateralization. Thus, the results we found in lateralization may simply be the result of the use of a different measure. However, the hens in Patzke et al. (2009) were housed in different systems (battery cage, furnished cage, or free range) from 16 wk of age onward, whereas our hens differed in their housing (with or without a brooding hen) only until the age of 7 wk. It is possible that the differences we observed are the result of differences in rearing from a very young age.
The lack of change in cell size of the hippocampus in brooded chicks is surprising, especially in the face of studies showing increased cell size in hippocampus in hens housed in furnished cages compared with barren cages (Patzke et al., 2009) . Effects of maternal care on the hippocampus has not been explicitly studied in avians, but the hippocampus shows decreased volume and cell density in adulthood after perinatal malnutrition in Western scrub jays (Pravosudov et al., 2005) . Furthermore, hippocampal cell size has been demonstrated to correlate positively with better spatial memory in songbirds, demonstrating a correlation with functionality (Oberlander et al., 2004) . It may be that the presence of a foster hen in early life was not suffi cient to change cell size, or that the cell size returned to average during the course of the 45 wk after separation from the foster hen. Future studies examining chicks with a shorter interval between foster hen separation and morphological studies may reveal more about short-term changes induced by hen rearing. It is also possible that, through generations of rearing without maternal care, current production lines (including the White Leghorn used in the present selection line) have been inadvertently selected for animals that have a relatively low responsiveness to or need for maternal care.
Hens Selected for Low Mortality from Cannibalism have Decreased Concentrations of Tyrosine Hydroxylase in the NCL compared with Controls. We found decreased concentrations of tyrosine hydroxylase, the rate-limiting enzyme in dopamine production, in the NCL in the line of hens selected for low mortality due to cannibalism than in the CL. Though tyrosine hydroxylase is also an enzyme in the cascade to produce catecholamines other than dopamine, a strong overlap has been demonstrated between dopamine immunoreactivity and tyrosine hydroxylase immunoreactivity in the NCL (Wynne and Güntürkün, 1995) , indicating a strong likelihood that the tyrosine hydroxylase immunoreactivity observed in the present study is related to dopamine levels, a relationship which is not as clear in the hippocampus. The reduction in tyrosine hydroxylase we observed is in line with results showing reduction of feather pecking and aggressive pecking in laying hens after systemic injection of dopamine receptor antagonists (Kjaer et al., 2004; Dennis et al., 2006) . Previous studies in a different selection line of laying hens selected for high and low feather pecking demonstrated lower sensitivity in chicks from the low feather pecking to the dopamine D 2 receptor agonist apomorphine (van Hierden et al., 2005) and greater turnover of dopamine in the rostral brain in chicks from the low feather pecking line after an acute stressor (van Hierden et al., 2002) , underlining the importance of dopamine in feather pecking.
Reductions in dopamine and dopamine receptor antagonism have been mainly related to impaired learning and memory in both avians (Hale and Crowe, 2003; Kabai et al., 2004; Moe et al., 2011) and mammals (Wise, 2004) . There does seem to be an optimum concentration for cognition in terms of dopaminergic stimulation, as both stimulation and blockade of dopamine D 1 receptors in the NCL can impair performance in working memory tasks (Diekamp et al., 2000; Herold et al., 2008) . The specifi city of the difference in tyrosine hydroxylase concentrations to the NCL in the present study may indicate alterations in the greater cognitive functions associated with this area, such as behavioral fl exibility (Güntürkün, 2005) . Our studies using the fourth generation of this same selection lines used in the present study did not show any cognitive impairment, including attenuated cognitive fl exibility, in the spatial hole board task (Nordquist et al., 2011) . A possible explanation for this discrepancy is that the differences that we found in tyrosine hydroxylase are statistically signifi cant, but not large enough to induce cognitive impairment. Studies in rodents have shown that performance in certain tasks is impaired after complete dopamine depletion in the striatum, but performance in the same task can be unaffected by dopamine depletions of up to 55% (Eckart et al., 2010) . This indicates that the system can compensate for quite large losses of dopamine, at least for some tasks.
When examining these results, it is important to bear in mind that alterations in the selection line can be interpreted as either return to "normal" tyrosine hydroxylase concentrations, or as an unwanted side effect of selection. As all commercial lines are the product of selection processes (for production characteristics), it is diffi cult to answer this question. Future studies could compare lines more closely related to the wild-type ancestors of current production lines, such as the Red Jungle Fowl, with selected lines to determine whether changes in the brain after selection bring these animals closer to, or further from, a "natural" state.
The Use of Brain Measures as a Welfare Measure. Alterations in brain structure and neurotransmitters have been suggested as potential objective measures for animal welfare. In the present study, we demonstrated that welfare-related alterations in either early life environmental conditions or genetic selection produced changes in the brain visible in adulthood. The fact that early life alterations are visible in adulthood indicates that alterations in brain morphology are a sensitive measure, which lends credibility to their use in measuring long-term consequences of housing and husbandry practices for welfare.
It is worth considering, though, that at present brain measures can be diffi cult to use to determine valence: Is a decrease in lateralization of neuronal size, or a decrease in tyrosine hydroxylase concentrations, beneficial or detrimental to animal welfare? The use of brain measures with the expressed intent to examine animal welfare is relatively new; thus at present, there is little information to compare. The relationship between size and function in brain areas is complex, and the utility of different measures (cell size, area volume, fi ber length, synaptic density, lateralization) to predict function is a subject of discussion (Stewart et al., 1992; Roth et al., 2010) . As the body of information grows, it will become clearer which measures are indicative of compromised or improved welfare. As with all welfare measures, the use of brain measures will be most fruitful in conjunction with other measures, such as behavioral or physiological measures.
In summary, we found that rearing with a hen causes alterations in lateralization of hippocampal neuron size visible in adulthood, and that genetic selection for low mortality from cannibalism alters tyrosine hydroxylase in the NCL. In the future, these long-term alterations in brain morphology and correlate of neurotransmitter release may add to a growing body of evidence for the use of brain measurements as indicators of welfare.
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